Aims/hypothesis Impaired glucose tolerance and impaired insulin secretion have been reported in families with PAX6 mutations and it is suggested that they result from defective proinsulin processing due to lack of prohormone convertase 1/3, encoded by PCSK1. We investigated whether a common PAX6 variant would mimic these findings and explored in detail its effect on islet function in man. Methods A PAX6 candidate single nucleotide polymorphism (rs685428) was associated with fasting insulin levels in the Diabetes Genetics Initiative genome-wide association study. We explored its potential association with glucose tolerance and insulin processing and secretion in three Scandinavian cohorts (N=8,897 individuals). In addition, insulin secretion and the expression of PAX6 and transcriptional target genes were studied in human pancreatic islets. Results rs685428 G allele carriers had lower islet mRNA expression of PAX6 (p=0.01) and PCSK1 (p=0.001) than AA homozygotes. (p all =0.008) and lower fasting glucagon (p=0.04) and gastric inhibitory peptide (GIP) (p=0.05) concentrations. Arginine-stimulated (p=0.02) insulin secretion was reduced in vivo, which was further reflected by a reduction of glucose-and potassium-stimulated insulin secretion (p= 0.002 and p=0.04, respectively) in human islets in vitro. Conclusions/interpretation A common variant in PAX6 is associated with reduced PAX6 and PCSK1 expression in human islets and reduced insulin response, as well as decreased glucagon and GIP concentrations and decreased insulin sensitivity. These findings emphasise the central role of PAX6 in the regulation of islet function and glucose metabolism in man.
Introduction
Paired box 6 (PAX6) is a key regulator of pancreatic development and a transcription factor for genes involved in glucose homeostasis, including insulin, incretins and prohormone convertases, making the gene that encodes it an interesting candidate for involvement in the pathogenesis of type 2 diabetes and insulin secretion.
Mice that have point mutations in the Pax6 gene, resulting in a truncated PAX6 protein, have disrupted islet morphology and decreased numbers of alpha, beta, delta and pancreatic polypeptide cells and, accordingly, markedly reduced hormone production [1] . Biochemical studies have also demonstrated binding of PAX6 protein to regulatory elements in the glucagon, insulin and somatostatin genes [1, 2] .
In humans PAX6 mutations cause aniridia, a panocular disorder characterised by complete or partial absence of the iris and malformations of the eye [3] . There have been several reports of PAX6 mutation carriers having abnormal glucose tolerance, and of type 2 diabetes co-segregating with aniridia in families with PAX6 mutations [4] [5] [6] . Recently, Wen et al. reported that carriers of a PAX6 R240Stop mutation developed impaired glucose tolerance and/or diabetes with age [6] . Mutation carriers had an increased proinsulin/insulin ratio and reduced insulin response to an OGTT [6] . By generating mice with a corresponding stop-mutation, the authors could demonstrate that PAX6 deficiency reduced the production of prohormone convertase (PC)1/3 and that the PCSK1 gene encoding PC1/3 is a direct transcriptional target of PAX6 [6] . Confusingly, another study reported that mice lacking Pax6 developed diabetes but had normal PC1/3 levels, making the role of PAX6 in PCSK1 transcription unclear [7] .
PAX6 also plays a major role in the production of incretins. In mice, PAX6 is needed for the differentiation of gastric inhibitory peptide (GIP) and glucagon-like peptide (GLP)-1-and GLP-2-producing cells in the intestine [8] . Furthermore, PAX6 regulates the production of GIP and proglucagon [9] as well as the main enzymes involved in GIP, proinsulin and proglucagon processing: PC2 and PC1/3 [2, [10] [11] [12] [13] . PAX6 could thus affect incretin levels either by changing the expression of the propeptide genes or the levels of processing enzymes.
In addition, PAX6 has been reported to regulate the levels of pancreatic and duodenal homeobox 1 (PDX1) and GLUT2 in mice [14] . PDX1 plays a crucial role in pancreatic development, beta cell function and transcription of genes involved in metabolism (for review see Kaneto et al. [15] ). GLUT2 is a glucose sensor expressed in the pancreas, and mice lacking GLUT2 have a blunted first-phase insulin secretion [16] .
In the present study we assessed the effect of a common genetic variant in PAX6 on glucose homeostasis. Using genome-wide association data from the Diabetes Genetics Initiative (DGI) [17] study we identified a single nucleotide polymorphism (SNP; rs685428) that is associated with insulin levels, reduced PAX6 mRNA expression in human pancreatic islets and reduced expression of target genes including PCSK1. A detailed description of the metabolic consequences of the identified variant is provided.
Methods
Study samples and clinical characteristics Clinical characteristics of the study participants are reported in Table 1 . The DGI genome-wide association study has been described in detail [17] . The non-diabetic control participants were individuals with no first-degree relatives with type 2 diabetes, fasting plasma glucose <6.1 mmol/l and 2 h glucose <7.8 mmol/l, originating from Finland (Botnia region) and Sweden (southern Sweden and Skara) [17] . Type 2 diabetes was classified according to the WHO (1999) criteria as fasting plasma glucose ≥7.0 mmol/l or 2 h glucose ≥11.1 mmol/l during an OGTT. The Prevalence, Prediction and Prevention of Diabetes (PPP) study is a population-based study including~10% of the population aged 18-74 years in the Botnia region in Finland.
The Botnia Prospective Study (BPS) is part of the Botnia study, which includes 2,770 non-diabetic family members and spouses of diabetic individuals. Of these, 138 developed diabetes during the follow-up period (median 7.7 years follow-up).
The Helsinki Birth Cohort Study (HBCS) consists of a subset of 1,999 participants, aged 56-70 years, from the original Helsinki birth cohort (n=8,760) that have undergone an OGTT [18] . Of these, 311 individuals had type 2 diabetes.
For these studies, individuals with type 2 diabetes were excluded from the analysis of quantitative traits.
In the Malmö men (MM) study, acute insulin response (AIR) during a glucose-dependent arginine stimulation test was analysed in a subgroup of 168 men from the Malmö Preventive Project study who had impaired glucose tolerance at the screening visit 20 years earlier [19] [20] [21] . At the time of the test 70 men had developed type 2 diabetes and were either treated with diet alone (42%) or with oral hypoglycaemic agents that were discontinued the day before the test.
All participants gave written informed consent and the studies were approved by the local research ethics committees of Lund University, Malmö University Hospital or Helsinki University hospital.
Measurements
In the BPS, blood samples were drawn at −10, 0, 30, 60 and 120 min of the OGTT, and in the PPP study at 0, 30 and 120 min. For the BPS, results from the first visit were used. Plasma glucose was measured by glucose oxidase methods. Plasma insulin concentrations were measured using a fluoroimmunometric assay (AutoDelfia, Perkin Elmer, Turku, Finland). In the Botnia PPP study, proinsulin was measured using a human proinsulin RIA (95% cross-reactivity with 32-33 split proinsulin, no cross-reactivity with 65-66 split proinsulin, insulin or C-peptide) (Millipore, Malmö, Sweden). In the HBCS proinsulin was measured by a two-site immunometric assay (66% cross-reactivity with 65-66 split proinsulin, no cross reactivity with 32-33 split proinsulin) [22] .
GIP was measured using an ELISA kit for total human GIP [100% cross-reactivity with GIP(1-42) and GIP(3-42)] (Millipore). Glucagon was measured using a radioimmunoassay kit specific for pancreatic glucagon (cross-reactivity with oxyntomodulin <0.1%) (Millipore).
For a detailed description of the measurements in the DGI see [17] . The basal HOMA-insulin resistance (HOMA-IR) index was calculated from fasting insulin and glucose concentrations (www.dtu.ox.ac.uk).
Corrected insulin response during OGTT was calculated as in [23, 24] .
Arginine-stimulated insulin secretion Insulin secretion in response to an acute bolus of arginine was measured at three glucose concentrations (fasting, 14 and 28 mmol/l) as previously described [21] . The AIR was calculated from the +2 to 5 min values using the trapezoidal rule. Potentiation of insulin secretion by glucose was calculated as the slope between AIR at fasting and 14 mmol/l glucose [21] .
Genotyping Genotyping was performed using a TaqMan® assay on the ABI 7900 platform (Applied Biosystems, Foster City, CA, USA). Average genotyping success was 96.9% and the concordance rate was 99.8%. Hardy-Weinberg equilibrium was fulfilled in all populations.
Human islets Islets were provided by the Nordic Network for Islets Transplantation by the courtesy of O. Korsgren, Uppsala University. All donors had given consent to donate organs for medical research, or alternatively consent was obtained from the closest relative in accordance with the ethics approval by the ethics committees at Uppsala and Lund Universities. The study included islets from 48 donors, six of whom were diagnosed with type 2 diabetes (25 women, 23 men), with a mean (±SD) age of 55.3± 11.6 years, BMI of 26.1±3.4 kg/m 2 , purity 69.5±16.8% and HbA 1c 5.8±0.87% (39.9±9.5 mmol/mol). Islets were either directly subjected to Affymetrix analysis (see below) or collected under a stereomicroscope and preincubated for 30 min at 37°C in KRB, pH 7.4, supplemented with 10 mmol/lN-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid, 0.1% BSA and 1 mmol/l glucose. Each incubation vial contained 12 islets in 1.0 ml KRB and was treated with 95% O 2 /5% CO 2 to obtain constant pH and oxygenation.
Insulin secretion in islets Preincubation was followed by 1 h incubation at 37°C in a metabolic shaker (30 cycles per min) in a medium containing either 1 or 20 mmol/l glucose. Insulin was then measured using a radioimmunoassay (Linco Research, Saint Charles, MO, USA).
RNA isolation Islets were cultured in CMRL 1066 (ICN Biomedicals, Costa Mesa, CA, USA) supplemented with 10 mmol/l HEPES, 2 mmol/l L-glutamine, 50 μg/ml gentamicin, 0.25 μg/ml fungizone (GIBCO, BRL, Gaithersburg, MD, USA), 20 μg/ml ciprofloxacin (Bayer Healthcare, Leverkusen, Germany) and 10 mmol/l nicotinamide at 37°C (5% CO 2 ) for 1-9 days prior to RNA preparation.
RNA was isolated from islets using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA). Concentration and purity were measured using a NanoDrop ND-1000 spectrophotometer (A 260 /A 280 >1.8 and A 260 /A 230 >1.0) (NanoDrop Technologies, Wilmington, NC, USA). No signs of degradation were observed using agarose gel electrophoresis and Experion RNA gel chips (Bio-Rad, Hercules, CA, USA).
Microarray gene expression in human pancreatic islets
The microarrays were performed following the Affymetrix standard protocol. Briefly, 100-200 ng total RNA was processed following the GeneChip Expression 3′-Amplification Reagents One-cycle cDNA synthesis kit instructions (Affymetrix, Santa Clara, CA, USA) to produce doublestranded cDNA, which was used as a template to generate biotin-targeted cRNA following the manufacturer's specifications. This was fragmented and hybridised onto the GeneChip Human Gene 1.0 ST whole transcript based assay overnight in the GeneChip Hybridisation oven 6400 using standard procedures. The arrays were washed and stained in a GeneChip Fluidics Station 450 and scanned with the GeneChip Scanner 3000. Image analysis was performed using GeneChip operating software. The array data were summarised and normalised with the robust multi-array analysis method using the Expression Console software (Affymetrix).
Quantitative PCR PAX6 and PCSK1 mRNA expression was confirmed using RT quantitative PCR. Reactions were performed in triplicate with three endogenous controls (ECs). Reverse transcription was performed on RNA samples using an Omniscript RT kit (Qiagen) and Oligo(dt) primers according to the manufacturers' instructions. Real-time quantitative PCR was carried out using TaqMan Gene Expression Assays (Applied Biosystems) according to the manufacturer's instructions. The following assays were used: PAX6 (assay id: Hs01088112_m1), PCSK1 (assay id: Hs00175619_m1), HPRT1 (EC) (assay id: 4326321E, VIC-MGB), PPIA (EC) (assay id: 4326316E, VIC-MGB) and POLR2A (EC) (assay id: Hs00172187_m1). The PCR reaction was monitored using an ABI PRISM 7700 Sequence Detector (Applied Biosystems).
Relative expression was calculated by normalising the expression ð2 ÀΔC t Þ using the geometric mean of the EC as described in [25] . Correlation between microarray and quantitative PCR expression was 0.85 for PAX6 and 0.97 for PCSK1.
Pathway analysis Pathway analysis was performed using GENECODIS [26, 27] . GO biological processes were searched at the lowest GO level. Hypergeometric tests and false discovery rate corrections were used to test for significance.
Statistical methods
We estimated the effect of genetic variants on quantitative traits using linear regression correcting for sex, age and BMI in the PPP, HBCS and MM studies. The BPS (corrected residuals) was analysed in PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/) [28] using the QFAM-total method with adaptive permutation to correct for family structure. Variables that were not normally distributed were log-transformed (natural) before analysis. Islet expression was analysed by Spearman correlation and multiple linear regression adjusted for the donor's sex, age, BMI and diabetes status.
All statistical analysis was performed with the Statistical Package for the Social Sciences version 17.0 (SPSS), PLINK version 1.06 [28] or R version 2.11.0. A twotailed p value of 0.05 was considered significant. When the number of homozygous individuals allowed, both additive and recessive models were used and the p values corrected for two tests by Bonferroni correction.
Results
Identification of candidate SNP rs685428 in the DGI genome-wide association study We analysed ten genotyped and 54 imputed SNPs in the PAX6 gene ±50 kbp in the DGI study, in which 1,361 non-diabetic individuals had insulin and 307 had proinsulin data available [17] . We found a linkage disequilibrium (LD) block 35 kbp upstream of the PAX6 gene, tagged by the directly genotyped marker rs685428, where the minor G allele was associated with increased fasting insulin (p=0.001, p corrected =0.01) and increased HOMA-IR (p=0.0008, p corrected =0.008). The same marker was associated with a low fasting proinsulin/ insulin ratio (p additive model [p add ]=0.007). The effect was even stronger when applying a recessive rather than additive model (Table 2) .
Gene expression in human pancreatic islets The associated LD block did not include the coding region of PAX6, making it likely that the rs685428 variant or another SNP in the LD block could affect gene expression. We measured mRNA levels of PAX6 by quantitative PCR in islets from six diabetic and 42 non-diabetic human organ donors and related it to the PAX6 rs685428 genotype. We also measured PCSK1 expression, since PCSK1 is thought to be the mediator of the PAX6 effect on proinsulin processing. PAX6 and PCSK1 expression correlated strongly (R = 0.72, p =5.43×10 −8 ). PAX6 was slightly, although not significantly, lower in diabetic than non-diabetic individuals (Fig. 1a) . The expression of PCSK1 was lower in diabetic (p = 0.04) than non-diabetic islets (Fig. 1b) . Both PAX6 and PCSK1 expression was lower in rs685428 AG than in AA individuals (p =0.008 and p = 0.001). The fraction of variance explained by the SNP was 0.12 for PAX6 and 0.14 for PCSK1. We also analysed the correlation between PAX6 and putative PAX6 target genes involved in metabolic control: INS, SLC2A2, PCSK2, PDX1, SST and GCG using microarray expression data from the same islet donors (Fig. 1c-h ). All genes correlated with PAX6 expression and expression of INS, SLC2A2 and PDX1 was decreased in diabetic individuals. We next analysed cis-expression of ten other genes (DCDC5, DCDC1, DNAJC24, IMMP1L, ELP4, RCN1, WT1, EIF3M, CCDC73 and PRRG4) within a 2 Mb region of the rs685428 SNP. None of these was differentially expressed between rs685428 AA and AG individuals (p>0.05). Table 1 ). Interestingly, one of the strongest correlating genes was MEIS2 (R=0.84), which regulates PAX6 expression during lens development (Fig. 1i) [29] . MEIS2 expression was lower in AG than AA genotype carriers of the PAX6 variant (p=0.04; Fig. 1j ). Pathway analysis of the top 60 genes showed an over-representation of genes involved in signal transduction (ten genes), regulation of transcription (seven genes), ion transport (seven genes) and synaptic transmission (six genes).
Genome-wide correlation with PAX6 expression
The PAX6 rs685428 genotype influences fasting insulin levels and fasting proinsulin/insulin ratio The effect of the rs685428 G allele on fasting insulin could be replicated in the additional cohorts (p recessive model [p rec ]=0.02 in meta-analysis) and HOMA-IR (p rec =0.02, meta-analysis). In a meta-analysis of all studies, including the DGI, GG homozygous individuals had 10% higher fasting insulin levels (p rec =0.0008) and HOMA-IR indices (p rec =0.0016) than AA/AG individuals ( Table 2, Fig. 2) . The 2 h insulin response to an OGTT was slightly increased (p add =0.04, p rec = 0.2) whereas glucose levels did not differ by genotype (Table 2) .
We also searched the SNP results in the large metaanalysis performed by the Meta-analyses of Glucose and Insulin-related Traits Consortium (MAGIC) but found no To replicate the effect of rs685428 on the proinsulin/ insulin ratio we analysed 2,191 individuals from the PPP-Botnia study and 1,585 from the HBCS, for whom proinsulin data was available. In the HBCS the proinsulin/insulin ratio was significantly lower in GG compared with AA homozygous individuals (P add =0.14, P rec =0.008; Fig. 2b) . A similar, non-significant trend was seen in the PPP-Botnia study. In a meta-analysis of all studies, GG genotype carriers had a 10% lower proinsulin/ insulin ratio (p rec =0.008) than AA/AG carriers ( Table 2) . There was no difference in total proinsulin levels (P>0.3, meta-analysis) [31] .
Effect of PAX6 rs685428 on glucose and argininestimulated insulin secretion in vivo and in vitro We also studied the effect of rs685428 on arginine-stimulated insulin secretion in 167 Malmö men (Table 1) [21, 32] . The AIR to arginine was lower in AG/GG than in AA genotype carriers at all glucose concentrations (p=0.04; Fig. 3a) whereas the slope of potentiation of insulin secretion by glucose did not significantly differ between the two genotype groups [31] . A meta-analysis of corrected insulin response in all studies was not significantly different (Table 2) .
To link these effects directly to impaired glucosestimulated insulin secretion in vitro we investigated insulin secretion at low (1 mmol/l) and high (16.7-20 mmol/l) glucose in human islets. Insulin secretion was reduced in islets from AG vs AA genotype carriers at both high and low glucose (p=0.002 and p=0.009, respectively). Potassium-stimulated insulin secretion was also reduced in risk genotype carriers (p=0.04; Fig. 3b ). Further, we analysed the correlation between PAX6 and PCSK1 expression and HbA 1c and insulin secretion (Fig. 3c,d) . Expression of PAX6 was positively associated with insulin secretion (r s =0.46, p=0.004). A higher expression of PCSK1 was associated with higher insulin secretion (r s = 0.45, p=0.005) and lower HbA 1c (r s =−0.34, p=0.04).
Effect of PAX6 rs685428 on plasma glucagon and GIP levels Next we measured plasma glucagon (n=2,197) and GIP (n=1,601) levels in a subset of the PPP study. Fig. 1 Relative expression of PAX6 and target genes in human pancreatic islets. a Expression of PAX6 measured by quantitative PCR. Whereas the mRNA expression of PAX6 was lower in AG (n=13) than in AA genotype carriers (n=33), the mRNA of PAX6 was not significantly reduced in diabetic (T2D) (n=6) vs non-diabetic islets (n=42). b PCSK1 expression was lower both in G allele carriers and in islets from diabetic patients. c-h Expression of suggested PAX6 target genes in human pancreatic islets measured by microarray. i MEIS2 expression correlated strongly with PAX6 (R=0.84) in human pancreatic islets. Filled circles are AA homozygous, open circles are AG heterozygous. j The mRNA expression of MEIS2 was lower in AG (n=13) than in AA genotype carriers of the SNP rs685428 in the PAX6 gene. There was no significant difference in MEIS2 mRNA expression between islets from diabetic and non-diabetic cadaver donors. Error bars show SEM. *p<0.05, **p<0.01. C, controls b
The G allele was associated with lower fasting plasma glucagon levels (p add =0.04, p rec = 0.08; Fig. 4a ). The glucagon/insulin ratio was lower in G allele carriers both in the fasting state (p add =0.006, p rec =0.004) and at 2 h (p add =0.04, p rec =0.32; Fig 4b) . Furthermore, G allele carriers displayed lower fasting GIP concentrations (p add = 0.05, p rec =0.5; Fig. 4c ). These differences were not influenced by the prevailing glucose concentration.
Risk of type 2 diabetes
The putative risk of developing type 2 diabetes for carriers of the rs685428 variant was analysed in all the cohorts studied (N=2,101 cases/9,577 controls), and in the large Diabetes Genetics Replication and Meta-analysis Consortium (DIAGRAM+) meta-analysis [33] . No significant association was seen in any of the cohorts (DGI with 1,464 cases and 1,467 controls: p=0.7, OR 0.96; DIA-GRAM+ with 2,832 cases and 15,843 controls: p=0.5, 
Discussion
In this study we demonstrated that a common variant in the PAX6 gene was associated with marked changes in expression of key genes in human islets and thereby altered islet function. The similarity of effects in vivo and in vitro in human islets provides strong support for the central role of PAX6 in development of islet function and regulation of glucose metabolism. The finding that low PAX6 expression causes impaired insulin secretion and affects glucose metabolism is in line with previously published findings in both animal models and human families with protein-altering mutations in the PAX6 gene [4] [5] [6] [7] . However, these studies were performed in individuals with more severe mutations making generalisation of the findings to potential effects of common variants in the gene difficult. Further, there is evidence from mouse models that the effect of mutations and deletions in Pax6 on pancreatic development depends upon which functional domain of the protein is affected [34] .
Three studies have previously evaluated whether common variants in the PAX6 gene affect risk of type 2 diabetes, analysing two, four and eight SNPs, respectively, but none of them found any significant association [35] [36] [37] . Although risk genotype carriers showed impaired insulin response to several secretagogues we could not detect any association with type 2 diabetes. It should be noted that only additive models were tested and that the strongest effect of the SNP was seen using a recessive model. A recessive effect on diabetes can thus not be excluded. Another explanation for this finding is that there are mechanisms that neutralise the effect of impaired insulin secretion on risk of diabetes. One such mechanism could be the decreased glucagon concentrations in risk genotype carriers. Glucagon, particularly an increased glucagon/insulin ratio, has been ascribed a role in the pathogenesis of type 2 diabetes [38] [39] [40] . Here we observed decreased glucagon levels as well as a markedly decreased glucagon/insulin ratio in G allele carriers, suggesting that altered alpha cell function could contribute to the decreased risk of type 2 diabetes seen in G allele carriers.
A high proinsulin/insulin ratio can indicate a defect in prohormone processing or beta cell stress due to insulin resistance, and elevated proinsulin levels predict future type 2 diabetes [40] [41] [42] . Impaired proinsulin processing was expected in risk allele carriers based upon the concomitant decrease in expression of genes encoding the proinsulin processing enzymes PCSK1 and PCSK2. This was also the case in the family study by Wen et al. where an elevated proinsulin/insulin ratio was associated with a decreased expression of PCSK1 [6] . In contrast, in the present study risk allele carriers showed a decreased proinsulin/insulin ratio despite lower mRNA levels of both PCSK1 and PCSK2. There might be several explanations for this unprecedented finding. One explanation is that the decrease in proinsulin/ insulin ratio reflects the change in the denominator, that is increased insulin levels, rather than altered proinsulin processing. This is supported by a lack of difference in proinsulin concentrations between different genotype carriers.
While the effects of PAX6 on islet gene expression and function were expected, the increase in fasting insulin concentration is less obvious. To the former, decreased expression of PAX6 was associated with decreased expression of PDX1, ISL1, NEUROD and MEIS2. The strong correlation between PAX6 and MEIS2 expression is particularly interesting since Meis homeobox 2 (MEIS2) has been shown to act as a direct upstream regulator of PAX6 expression during lens development [29] . MEIS binding sites have also been demonstrated in a PAX6 transcription enhancer element involved in pancreatic development [43] . MEIS2 could thus also be a major regulator of PAX6 transcription in the pancreas, possibly acting directly on the PAX6 gene. However, more detailed investigation is required to determine whether these genes are targets or regulators of PAX6 expression or regulated by common upstream factors. If the PAX6 polymorphism changes the islet cell ratio, as is seen in mouse models with mutated Pax6 [34] , this could also contribute to the many correlations. The most common cause for an increase in fasting insulin concentration is insulin resistance, also evidenced by an increase in the HOMA-IR. There is, however, no obvious explanation for a direct effect of the SNP on insulin sensitivity, nor did we see an effect of the SNP on insulin sensitivity measured during a euglycaemic-hyperinsulinaemic clamp in the MM study. In addition, no effect on insulin sensitivity was reported in mice with a truncated Pax6 gene [6] . We are thus left with the possibility that the increase in fasting insulin levels is unrelated to insulin resistance and possibly the result of an altered feedback loop in islets, for example altered clearance of insulin.
In conclusion, a common variant in PAX6 is associated with reduced PAX6 and PCSK1 expression in human islets, reduced insulin response and decreased glucagon and GIP concentrations. The impairment in insulin response was not translated into an increased risk of type 2 diabetes. These findings emphasise the central role of the PAX6 gene in the regulation of islet function and glucose metabolism in man.
